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A. Statement of the Problem Studied

The performed research consisted of a theoretical study of both
equilibrium and non-equilibrium properties of poly(vinylidene fluoride),
hereafter referred to as PVFZ. This material can exhibit strong piezo-
electric and pyroelectric effects if suitably prepared, and is consequently
of great technological interest. The study consisted of a series of calcula-
tions of the equation of state, and the mechanism by which electrical activity
is induced.

Detailed accounts of the results of our investigations have been

given in the papers listed in section C, and so we here just provide a

brief summary of some of the more important aspects of our work.

B. Summary of Most Important Results

The thermodynamic response of pyroelectric and piezoelectric materials
has been studied, and the relationship found between the forces acting on
devices and those on isolated samples of materials. Because polymers
typically have low elastic moduli, the secondary pyroelectricity due to changes
in sample shape is often important. The relationship between changes in
dipole moment of a sample and the traditionally-defined primary and secondary
components of pyroelectricity have been defined. This differs from the
usual division of pyroelectricity into primary and secondary effects, as
the usual definition considers changes in polarization, whicﬁ is the dipole
moment per unit volume, rather than the dipole moment itself. This new

approach to the thermodynamics allows some simplifications to be made in

the interpretation of experiments, and has lent support to the hypothesis
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ij.. of Kepler and his co-workers at Sandia that some reversible crystal-

ﬂi;g lization is occurring in PVF,.

i$£§ The internal electric fields in polyvinylidene fluoride have

o been shown to be qualitatively different from previously suggested

Eéi values. A detailed theory of these fields has now been produced, and
Ligz is currently being applied. In this work the relationship between dipole
;% field sums and Lorentz tensor components in single crystals has been

'§:€ described, and used to develop a method for computing the tensor components

via rapidly convergent sums of Bessel functions. The method was used to

et

compute Lorentz factors for simple, body centered and base centered orthor-

Sé; hombic lattices, and derivatives of Lorentz factors for -simple orthorhombic
EEE lattices. Both the Lorentz factors and their derivatives were found to be
i%" very sensitive to lattice structure. The Lorentz-factor formalism was used
‘:}E to derive the equivalent of the Clausius-Mossotti relation for general orthor-
‘Eﬁ hombic lattices, and to relate permanent molecular dipole moment to crystal
ol polarization for the case of a ferroelectric of polarizable point dipoles.
'23 We have also derived expressions for piezoelectric and pyroelectric

;gg coefficients for a crystal of polarizable point dipoles. The effect of

‘€f: crystal structure on the local electric field acting to polarize the

EE: molecules was included via the Lorentz factor formalism. The derived expres-
. Y

?E; sions for the piezo and pyroelectric coefficients were found to contain

i terms dependent on derivatives of the Lorentz factors. These terms reflect
:E: the changing of molecular dipole moments in response to the changing local
AN .

ﬁah electric field in the strained crystal. Inclusion of this effect resulted
= in predictions of coefficients substantially different from those obtained
izé using the customary Lorentz-field approximation.
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The dynamics of the process, known as poling, by which piezoelectric

activity is induced was also studied theoretically. The very short poling
times. of the order of microseconds, predicted by the theory have since
been confirmed elsewhere by experiment. These measurements of the high-
field ferroelectric switching characteristics involved application of

strong electric fields to films of R -PVF_, and observation of a rapid

2
increase in the electric displacement. We have concluded that the detailed
form of this result is consistent with a previously discussed model in which
polarization occurs through propagation of solitary waves of rotation along
the axis of the polymer chain.

At the time that the theoretical models were formulated, little experi-
mental information existed concerning the rate at which the switching
process occurred. It was known, however, that a period of the order of
minutes was sufficient to pole a sample by annealing in an appropriately
strong electric field. Detailed calculations indicated that no model in
which poling occurred through rotation of a chain by 180° about its axis
could yield such rapid switching. A model first suggested by Kepler and
Anderson, however, in which each chain rotated by only 60°, led to a pre-
diction of poling time of the order of milliseconds or less. The recent
experimental work, which showed switching to occur in times of the order
of microseconds, thus lends support to the model in which 60°-rotation
occurs.

We have further examined this model, in which poling occurs through

propagation of a solitary torsional wave of polarization along the polymer
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chain. An expression for the expected time variation of the electric

polarization has been derived and has been found to be consistent with

the experimental data,
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